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Summary 

An investigation was conducted to examine the surface 
of silicon carbide at various temperatures to 1500° C by 
X-ray photoelectron and Auger electron spectroscopies. 
Also examined was the wear and metal transfer behavior 
of a single-crystal silicon carbide surface in contact with 
polycrystalline iron. Surface analyses and sliding friction 
experiments were conducted with the silicon carbide 
(0(X)ll surface in a vacuum system of 10 pascal. All 
friction experiments were conducted with a load of 0.2 
newton, at a sliding velocity of 3x10“^ meter per 
minute, and in a vacuum of 10‘* pascal (10 torr). 

The results of the investigation indicate that at and 
below 800° C carbide-carbon and silicon are primarily 
seen on the silicon carbide surface. Above 800° C 
graphite increases rapidly with an increase of 
temperature. The outermost surfacial layer, which 
consists of mostly graphite and very little silicon at 
temperatures above 1200° C is about 2 nanometers thick. 
An apparent thickness of a layer, which consists of a 
mixture of graphite, carbide, and silicon is about 100 
nanometers. 

The higher the sliding temperature up to 800° C, the 
more the metal transfer that is observed to occur to the 
silicon carbide. Above 800° C there was a transfer of a 
rough, discontinuous, and thin iron debris instead of the 
smooth, continuous, and thin iron film that was observed 
at and below 800° C. Two kinds of fracture pits were 
observed on the silicon carbide surface: (1) a pit with a 
spherical particle and (2) multiangular -shaped pit. The 
former pit may be produced by a mechanism of a 
spherical-shaped fracture along a circular stress 
trajectory under the load in the elastic deformation zone. 
The spherical fracture pits have genertilly been observed 
only at sliding temperatures of 400° to 800° C, where the 
friction is high. The multiangular fracture pit is produced 
by primary and secondary cracking along the cleavage 
planes (0001 1, (lOlOj, and [1120j. 


Introduction 

In two previous papers we have described the 
significant temperature influence on the surface 
chemistry and friction properties of silicon carbide at 
temperatures to 1500° C (refs. 1 and 2). Above 400° C, in 
addition to silicon, carbide-carbon and graphite are the 
primary species on the silicon carbide surface. At 800° C 
the silicon and carbide-carbon are at a maximum 
intensity in the XPS spectra. And above 800° C the 
graphite increases rapidly on the surface with an increase 
in temperature, while the carbide-carbon and silicon 
surface concentrations decrease with increasing 
temperature. 

The friction properties of the silicon carbide [0001 j 
surfaces in contact with iron at various sliding 


temperatures indicated that the coefficients of friction 
were generally higher at temperatures to 800° C and were 
0.6 to 0.9. Above 800° C the coefficient of friction 
decreases rapidly to a value of about 0.2. The rapid 
decrease in friction above 800° C correlated with the 
graphitization of the silicon carbide surface. 

We have herein extended the above study to an 
investigation of the depth profile of the graphite layer on 
the silicon carbide. A further investigation was conducted 
to examine the tribological properties of the surface, such 
as the nature of the wear of the silicon carbide and metal 
transfer to the silicon carbide. The effects of temperature 
and the presence of the graphite layer on wear and metal 
transfer is described. 

Sliding friction experiments were conducted with a 
single-crystal silicon carbide (000 IJ surface in contact with 
a polycrystalline iron surface. All friction experiments 
were conducted with a load of 0.2 newton, at a sliding 
velocity of 3 x 10 ~ ^ meter per minute, at a sliding time of 
40 to 60 seconds, and in a vacuum of 10“^ pascal (10“ 
torr) at temperatures to 1200° C. The mean contact 
pressure according to Hertz is 7.9 x 10® pascals at room 
temperature. The region of contact will be bounded by a 
circle with a radius of about 9 micrometers. 


Materials 

The single-crystal silicon carbide used in the 
experiment was a 99.9 percent pure compound of silicon 
and carbon. The unit cell of a-SiC is hexagonal with a 
equal to 0.30817 nanometer, c equal to 1.51183 
nanometers, and 21 molecules per unit cell (refs. 1 and 2). 
The method of growth is carbon arc. The [0001 j plane was 
nearly parallel to the sliding surfaces examined herein. 
X-ray back reflection Laue photographs were taken to 
establish the exact bulk orientation of the crystals after 
they had been polished with a diamond powder (3 iim 
diameter) and then with an aluminum oxide powder (1 
^m diameter). 

Specimens were within ±2° of the low index (0001] 
plane. The silicon carbide specimens were in the form of 
flat platelets and had a mean surface area of about 70 
square millimeters. The roughness of the mirror-polished 
silicon carbide surfaces measured by surface profilometer 
was 0.1 micrometer for the maximum height of 
irregularities. The iron was polycrystalline and 99.99 
percent pure. The method of preparation is electron- 
beam zone refining. The radius of the iron pin specimen 
was 0.79 millimeter. 


Apparatus 

Two ultrahigh vacuum systems were used in this 
investigation. An apparatus that is capable of measuring 
adhesion, load, and friction was mounted in an ultrahigh 




Figure 1. - High-vacuum friction and wear apparatus. 


vacuum system (see fig. 1). The vacuum system contained 
an Auger emission spectrometer (AES). A gimbal 
mounted beam is projected into vacuum. The beam 
contains two flats machined normal to each other with 
strain gages mounted thereon. The iron metal pin is 
mounted on the end of the beam. The load is applied by 
moving the beam normal to the flat and is sensed with a 
strain gage. The vertical sliding motion of the pin along 
the flat surface is accomplished through a motorized 
gimbal assembly. Under an applied load, the friction 
force is measured during vertical translation by the strain 
gage mounted normal to that used to measure load. This 
feature was used to examine the coefficient of friction at 
various loads reported in reference 2. 

The second ultrahigh vacuum system contained an 
X-ray photoelectron spectrometer (XPS) and is shown 
schematically in figure 2. The figure indicates the major 
components, including the electron energy analyzer, the 
X-ray source, and the ion gun used for ion sputter- 
etching. The X-ray source, contains a magnesium anode. 
The specimens are mounted on the end of the specimen 
introduction probe at an angle of 60° with respect to the 
analyzer axis. The X-ray source is located at an angle of 
79° to the analyzer axis. The ion gun is located at an 
angle of 72° to the analyzer axis. 


Experimental Procedure 

Specimen Preparation and Heating 

In order to heat silicon carbide specimens by resistance 
heating, a thin-film tantalum coating was applied to the 
back surfaces of the silicon carbide crystals in a 
commercial radiofrequency diode sputtering apparatus. 


After coating, the sliding surfaces of silicon carbide 
specimens were polished and cleaned, first, with a 
diamond powder (3 /rm diameter) and then the aluminum 
oxide powder (1 jxm diameter). The back surfaces of 
specimens containing the tantalum films were attached to 
the tantalum rods or sheets with tantalum supporting 
sheets (figs. 1 and 2). The tantalum coating surface of the 
specimen was directly in contact with rods or sheets. The 
flat and pin surfaces were rinsed with 200-proof ethyl 
alcohol just before they were placed in the vacuum 
chamber. 

The specimens were placed in the vacuum chamber 
(figs. 1 and 2), and the system was evacuated and 
subsequently baked out to obtain a pressure of 10 
pascal (10 torr). The silicon carbide was heated to 
about 80° C during baking out. Argon gas was bled back 
into the vacuum chamber to a pressure of 1.3 pascal, and 
the pin specimen was argon-ion bombarded for 30 
minutes at a -1000-volt direct current potential. The 
vacuum chamber was then reevacuated. 

Surface treatments were conducted in-situ on the 
silicon carbide flat specimens in both vacuum chambers. 
The surface treatments with the crystal in the as-received 
state examined include a heating to a maximum 
temperature of 1500° C at a pressure of 10~8 pascal and 
subsequent cooling to room temperature after bake-out 
of the vacuum chamber. Surface of silicon carbide was 
resistance heated at various temperatures starting at 250° 
C. The specimen was heated for periods of 1 hour at a 
pressure of 10 “ * pascal and cooled to room temperature. 
Either AES or XPS spectra of the specimen was obtained 
before and after heating. Specimens were also heated to 
400°, 500°, 700°, and 800° C, respectively. All of AES 
and XPS analyses after coolings were conducted in the 
same manner as those at 250° C with heating times also 




2 




r TANTALUM COATING 



Figure 2. - Schematic representations of the X-ray photoelectron spectrometer 
and silicon carbide specimen. 


of 1 hour at each temperature in a vacuum of 10 ® 
pascal. 

The power for resistance heating of silicon carbide 
specimen is supplied through the tantalum rods or sheets 
and the coated tantalum film by a precisely regulated dc 
output, adjustable over a wide range. The temperature of 
the silicon carbide surface was measured with a 
conventional thermocouple in direct contact with the 
surface of the silicon carbide specimen. For a depth 
profiling analysis argon gas was bled back into the 
vacuum chamber to a pressure of approximately 7x10“^ 
pascal, and the flat specimen was argon-ion bombarded. 

Chemical Analyses of Surface 

Recent articles describe both AES and XPS (refs. 3 and 
4). The techniques provide analyses of the first few atom 
layers of the surface of the specimens. The analysis depth 
with AES is of the order of 1 nanometer, and elemental 
concentrations as low as 0. 1 percent of a monolayer can 
be detected and identified. The analysis depth with XPS 


is of the order of 2 nanometers, and the ultimate 
sensitivity is sufficient to allow fractions of a monolayer 
to be detected and identified. 

Many applications of AES and XPS have been made to 
fundamental tribology studies (refs. 5 to 7). Both quali- 
tative and quantitative information can be obtained with 
AES and XPS for all elements in the periodic table above 
helium, and adjacent elements are clearly distinguished. 
With hydrogen and helium, there are not enough 
occupied energy levels for detection of these elements. 
The measurements were conducted in a vacuum systems 
(10-8 Pa) 

X-ray Photoelectron Spectroscopy 

To obtain reproducible results, a strict standardization 
of the order and time of recording was used. The 
instrument was regularly calibrated. The analyzer work 
function was determined assuming the binding energy for 
the gold 4f7/2 peak to be 83.8 electron volts (used as the 
reference line). Alt survey spectra, scans of 1050 or 1 100 
electron volts, were taken at a pass energy of 50 or 100 
electron volts, providing an instrumentation resolution of 
1 electron volt at room temperature. The Mg X-ray 
were used with an X-ray source power of 400 watts (10 
kV, 40 mA). The narrow scans of the C15, Si2p, and 
are just wide enough to encompass the peaks of interest 
and were obtained with a pass energy of 25 electron volts 
at room temperature. 

Resolution of the spectral peak for silicon is 1.5 
electron volts full width at half maximum. The energy 
resolution is 2 percent of the pass energy, that is, 0.5 
electron volts. The peak maixima can be located to ±0.1 
electron volts. The reproducibility of peak height was 
good, and the probable error in the peak heights ranged 
from ±2 to ±8 percent. Peak ratios were generally good 
to ±10 percent or less. There was no evidence for 
charging of the silicon carbide surface during XPS 
analysis. 


Depth Profiling 

The specimen was depth profiled in order to obtain its 
elemental composition and structure with depth. Before 
the ion sputtering the chamber pressure was 3x10-8 
pascal (2x10-*® torr) or lower, and the ion gun was 
outgassed for 2 minutes at a degas emission current of 20 
milliamperes. The sublimation pump was then flashed on 
for about 2 minutes at 48 amperes. The ion pumps are 
then shut off. The inert gas, argon, was bled in through 
the leak value to the desired pressure of 7 x 10“^ pascal 
(5 X 10-8 torr). The ion sputtering was performed with a 
beam energy equal to 3000 electron volts at 20 
milliamperes of beam current with the argon pressure 
maintained at 7 x 10“'* pascal for the desired sputtering 
time. The ion beam was continuously rastered over the 
specimen surface. After sputtering, the system was 
reevacuated to a pressure of 3 x 10 “8 pascal, or lower, 
and then the surface was examined with the XPS. 
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The depth, in terms of a sputtering time, was obtained 
by average measurements of 10 surface-profile records. 
The profilometer records made on the silicon carbide 
surface included the underlying area in the same region in 
which a series of ion sputtering had been done. 

Friction Experiments 

In-situ single-pass sliding friction experiments were 
conducted with the surface-treated silicon carbide speci- 
mens over a range from room temperature to 1200° C. 
Loads of 0.2 newton were applied to the pin-flat contact 
by deflecting the beam of figure 1. To obtain consistent 
experimental conditions, the time in contact before 
sliding was 30 seconds. Both the load and friction force 
were continuously monitored during a friction 
experiment. Sliding velocity was 3x10"^ meter per 
minute with a total sliding distance of 2 to 3 millimeters 
at a sliding time of 40 to 60 seconds. All friction 
experiments were conducted in vacuum with the system 
evacuated to a pressure 10 pascal. 


Results and Discussion 

Depth Profile of Graphitized Surface 
of Silicon Carbide 

The AES spectra of a heated surface of silicon carbide 
revealed a carbide-type carbon peak in the heating 
temperature range of from 250° to 800° C. The carbide- 
type carbon AES peaks are characterized by three peaks 
labelled Aq to A 2 in figure 3. 

The carbide-type carbon peak changed to the graphite- 
type at 900° to 1000° C, while the silicon peak decreased 
in intensity. The decrease of silicon peak intensity is due 
to preferential evaporation of silicon from the silicon 
carbide surface (refs. 8 and 9). The spectra of the surface 



(a) Carbide type. (b) Graphite type. 

Figure 3. - Auger peaks of carbon on a silicon carbide {0001} 
surface. 
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(b) Preheat temperature, 1500° C. 

Figure 4. - Representative Si$ and Cls XPS peaks on the silicon car- 
bide {000} surface preheated at temperatures of 800° and 1500° C. 


heated in the temperature range 1(XX)° to 1500° C clearly 
revealed two characteristics: (1) a graphite-type carbon 
peak increase and (2) the decrease of silicon peak with 
increasing temperature. The mechanism for graphite 
formation is that two successive carbon layers on the 
surface of silicon carbide, after the evaporation of 
silicon, collapse into one layer of carbon hexagons with 
the unit mesh parallel to that of silicon carbide (refs. 8 to 
9). Figure 3(b) shows the typical graphite-type carbon 
peak. The graphite form is characterized by a step 
(labelled A in the figure). 

XPS spectra of and Si 2 p obtained from the single- 
crystal silicon carbide surface are presented in figure 4. 
The vertical height, peak to base line, of the Si 2 p peak in 
the spectra was highest at 800° C. Above 800° C, the Si 2 p 
decreased gradually with increasing temperature. 

Photoelectron lines for Cjj of the silicon carbide are 
split asymmetrically into doublet peaks. The results 
represent a significant temperature influence on the 
silicon carbide surface as well as those of AES analysis. 

The doublet peaks are due to distinguishable forms of 
carbon, that is, the graphite and carbide. A large carbide- 
peak is clearly observed at 800° C, while a very large 
graphite peak is clearly observed above 1200° C (ref. 10). 

AES analysis of silicon carbide preheated above 
1200° C (as typically shown in fig. 3) indicated that the 
silicon AES peak had almost disappeared and was nearly 
undetectable by AES and that the carbon peak was only 
of the graphite form (refs. 1 and 2). But XPS analysis 
clearly indicated the evidence for silicon and carbide as 
well as graphite being present on the silicon carbide 
surface preheated above 1200° C. 

The graphitization behavior in the outermost surficial 
layer is believed to be as follows: The analysis depth with 
AES is of the order of 1 nanometer, and an elemental 
concentration as low as 0. 1 percent of a monolayer can be 
detected and identified. The analysis depth with XPS is 
of the order of 2 nanometers, and the ultimate sensitivity 
is sufficient to allow fractions of a monolayer to be 
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detected and identified. Therefore, the outermost 
surficial layer, which consists of mostly graphite and very 
little silicon, on the silicon carbide surface, is anticipated 
to be of the order of 2 nanometers. 

Consider the outermost surficial layer that is graph- 
itized. The methods of determining the outer graphite 
layer are to study either the attenuation by the graphite 
layer of a photoelectron originating in the bulk material 
of silicon carbide or the variation in intensity of 
photoelectrons emitted by the layer itself as a function of 
thickness. The photoelectron flux penetrating a layer 
thickness d is simply 

Id=Ioexp(-d/\) ( 1 ) 

where is the flux emerging at the surface, that is, the 
XPS peak intensity from the layer of a thickness d, /„ is 
the flux emitted by the clean silicon carbide, and is 
variously referred to as the inelastic mean free path, the 
mean escape depth or the attenuation length of an 
electron with the electron energy of the material being 
examined (refs. 11 and 12). On the other hand, the 
intensity of a photoelectron signal from the layer is 

= -^o [ 1 - exp( - d/\)] (2) 

In either case, the mean escape depth relates X to the 
material of the layer and to electrons of a given kinetic 
energy. The potential value varies the angle of electron 
emission, or takeoff angle 6 in XPS experiments. The 
generalized theoretical predictions for intensity changes 
with 6 for the bulk silicon carbide. The graphite overlayer 
system is given by 

/rf=/o(l-e-‘lAsm0) (3) 



Figure 5. - Elemental depth profile of silicon carbide (0001} surface 
preheated at temperature ISOOP C for 1 hour. 



Figure 6. - Surface condition of silicon carbide after heating at temperatures 
above 1200P C. 


Table I shows inelastic mean free paths of various 
elements and the estimated thickness of the graphite layer 
formed on the silicon carbide surface. The data values in 
table I have been estimated with the equations above 
using the values of X for silicon, carbon, and graphite of 
the references 12 and 14. The above-mentioned angular 

TABLE I. - VALUES FOR THE THICKNESS OF THE 
GRAPHITE LAYER ON THE SILICON CARBIDE 
SURFACE PREHEATED TO 1500° C 


Element and 

Electron inelastic 

Thickness 

photoelectron 

mean free path. 

of layer, 

(Mg ka) 

X, 

d, 


nm 

nm 

Shp 

“4.7 

2.0 


“’*’3.9 

1.7 

C,s 

'’4.4 

1.8 

Graphite Ci^ 

“2.1 

1.5 


“3.1 

2.3 


“3.4 

2.4 


“Ref. 14. 
*’Ref. 15. 


variation took the estimation into account. The thickness 
of the outermost surficial graphite layer on the silicon 
carbide heated to 1500° C is therefore 1.5 to 2.4 
nanometers. This thickness is consistent with the position 
of Bommel, et al. (ref. 9), that is, the collapse of the 
carbon of three successive silicon carbide layers is the 
most probable mechanism for the initial stages of the 
graphitization of silicon carbide basal planes. 

A typically complete elemental depth profile for the 
silicon carbide surface preheated to 1500° C is shown as a 
function of sputtering time in figure 5. The graphite peak 
decreases rapidly in the first 30 minutes of sputtering; 
thereafter it gradually decreases to 18 hours. The depth 
after 37 hours of sputtering was 200 to 400 nanometer the 
area analyzed by XPS. This depth was measured by the 
profilometer. If the depths sputtered at corresponding 
times are approximately the same (because the materials 
were almost same), the depth at the sputtering time of 18 
hours is 100 to 200 nanometers. The depth of the mixture 
of graphite and silicon carbide is of the order of 100 
nanometers, which is schematically shown in figure 6. 

Ellipsometric measurements have been conducted with 
two different |0001 1 faces of the first atomic layer of the 
silicon carbide surface, one which consisted of silicon 
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(b) Sliding temperature, 800° C. 


Figure 7. - Iron transferred to single-crystal silicon carbide at commencement of sjiding as a resui 
of a single pass of rider. Silicon carbide {0001} surface- sliding direction <1010>; sliding 
velocity, 2mm/min.; load, 0.2N; vacuum pressure. 10'° Pa. 
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(c) Sliding temperature, 1200P C. 
Figure 7. - Concluded. 


atoms jOOOl] and the other which consisted of carbon 
atoms [OOOlj at temperatures above 1200° C (ref. 15). In 
1 hour of heating at 1300° C, the layer, which consists of 
carbon (graphite), on the C-face grows to about 100 
nanometers, whereas the layer on the Si-face did not 
grow thicker than 10 nanometers even with longer 
heating. 

The first atomic layer of the silicon carbide [OOOlj 
surfaces used in this investigation is a mixture of silicon- 
face and carbon-face because the surfaces were 
mechanically polished. Again, the apparent thickness of 
the graphite layer, which consists of graphite produced 
by heating above 1200° C for 1 hour as measured by the 
profilometer is approximately 100 nanometers, and it is 
equivalent to the depth of the graphite layer on the silicon 
carbide measured in reference 15, which consisted of a 
carbon-face of silicon carbide. The results of XPS 
analyses and depth profiling conducted in this 
investigation with silicon carbide [0001] surfaces heated to 
1500° C were used to summarize the surface condition of 
silicon carbide (fig. 6). 

Metal Transfer 

Inspection of the single-crystal silicon carbide surface 
after sliding contact with iron revealed transfer of iron to 
silicon carbide. Figure 7 shows scanning electron 
micrographs at the beginning of the wear tracks 
generated by a single pass of the iron on the surface at 
sliding temperatures of room, 800° and 1200° C. As may 
be seen, sliding at 800° C produces more metal transfer 
than does sliding at room temperature. In general, a very 


thin transfer film and very small particles are seen in the 
contact area. The higher the sliding temperature, the 
more transfer produced. Above 800° C (fig. 7(c)), 
however, there was very little evidence for a smooth and 
continuous transfer film on the wear track; rather 
transfer was rough, and discontinuous. 

The appearance of iron transfer may relate to the 
graphite layer (on the order of to 2 nm) on the silicon 
carbide surface. 

Fracture Wear 

The sliding of iron on a silicon carbide surface at 
elevated temperatures results in the formation of cracks 
and fracture pits in the silicon carbide surface. The wear 
due to fracture occurs very locally and in very small areas 
in the sliding contact region. The development of cracks 
generally follows stress trajectories and cleavage planes. 

Figure 8 presents scanning electron micrographs of the 
wear track on the silicon carbide surface, where the wear 
track is generated by a single-pass sliding of the iron rider 
at 800° C. The wear track has in it microfracture pits and 
silicon carbide debris. Two kinds of fracture pits are 
generally observed in the wear track: (1) pit with a 
spherical particle, and (2) pit with a multiangular -shaped 
wear debris particles, which have crystallographically 
oriented sharp edges and which are of a platelet 
hexagonal shape. 

Such multiangular wear debris are generated by surface 
cracking along [lOlOj or [1120] and subsurface cracking 
along [0001] planes, which are parallel to the sliding 
interface. Figure 9 presents a scanning electron micro- 
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(a) Wear track. 



(b) Pit with a spherical wear debris. 



(c) Pit with a hexagonal shaped wear debris. 


Figures. - Scanning electron micrographs of wear track on silicon 
carbide { 0001 } surface. Single pass sliding of iron rider; sliding 
velocity, 3mm/min; load, 0.2N; temperature, 800®C; vacuum 
pressure, 10'® Pa. 



Figure 9. - Cracking of single-crystal silicon carbide (oOOl} surface 
in contact with iron rider as a result of single pass at 800°C in 
vacuum (10"®Pa ). Scanning electron micrograph; sliding 
direction, 1010; sliding velocity, 3mm/mln; load, 0.2N; tem- 
perature, 800°C; vacuum pressure, 10"® Pa. 

graph of wear track of silicon carbide generated by 
sliding on iron at 800° C. Fracture of the silicon carbide 
surface occurred as a result of cleavage. The smooth 
surface of the fracture pit is due to subsurface cleavage 
along [0001 j planes. Very thin silicon carbide wear debris 
platelets have already been ejected from the wear track. 
The crystallographically oriented cracking ^ound the 
fracture pits occurred in the [lOTOj and (1120! planes. 
Thus, the fracture of the silicon carbide [0001] surface 
and the generation of multiangular wear debris platelet 
are related to the surface and subsurface cleavage along 
[lOTOj, [1120), and [0001] planes. This fracture mechanism 
is consistent with earlier studies of silicon carbide in 
sliding contact with metals and itself at room temperature 
(refs. 16 and 17). 

It is understandable that the fracturing in the single 
crystal of silicon carbide is characterized by crystal- 
lographic orientation. However, the appearance of 
fracture pits with a spherical shape is an interesting 
observation. 

Figure 10 presents scanning electron micrographs of 
various fracture pits with spherical wear debris in the very 
local area of wear tracks. These results reveal that a 
nearly spherical particle can exist in the fracture pit. In 
other words a spherical fracture can occur in the single- 
crystal silicon carbide under the sliding surface with 
sliding friction. Such fracture pits with the spherical 
particles were observed in the friction experiments 
involving the high friction (coefficient of friction of 
about 0.8). 

It was found in reference 16 that spherical wear debris 
of silicon carbide are observed as a result of sliding 
friction experiments with iron binary alloys. In these 
cases, the friction was also high. The coefficient of 
friction was generally higher than unity. The spherical 
particles have been observed only at the condition of high 
friction at sliding temperatures of 400° to 800° C. The 
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Figure 10. - Fracture pits with sperical wear debris obtained in different experiments but under the same conditions. Singie pass siiding of iron rider; 
siiding veioeity, 3mm/min; ioad, 0.2 N; temperature, 800®C; vacuum pressure, 10‘8 Pa. 


generation of the spherical particles may be related to the 
high friction. 

A mechanism for the generation of fracture pit with a 
spherical wear debris seems to be very similar to that of 
spherical wear particles described in reference 16. 

Three possible mechanisms for the generation and 
formation of the spherical wear debris particle are 
considered herein; (1) a spherical-shaped crack along the 
circular stress trajectories, (2) an attrition of wear 
particles (ref. 17), and (3) a rolling into a ball -shaped 
particle due to surface energy. The second mechanism is 
not applied to the fracture pit with the spherical wear 
debris because the spherical wear debris was not ejected 
from the silicon carbide surface. The third mechanism 
does not apply to the fracture pit, because silicon carbide 
is a very brittle material. The only possible mechanism is 
therefore the first one, that is, the spherical-shaped 
cracking. 

Consider the primary fracture mechanism of silicon 
carbide in the sliding process reported herein: the wear 
debris of the iron and silicon carbide, which transferred 


to the counter surfaces or were dislodged, and fracture 
pits in the wear track can produce local stress 
concentration at the interface (shown schematically in 
fig. 11). There are small silicon carbide and iron wear 
particles and/or fracture pits at the interface. 

The stress concentration at the sharp edges of wear 
debris or fracture pits may produce a small zone of 
inelastic deformation in silicon carbide about the sharp 
edge. Cracks will subsequently be initiated in the two 
possible favored geometries (see figs. 12 and 13 (refs. 18 
and 19)). Figure 12 indicates that (1) the sharp point 
produces a plastic deformation region, (2) a deformation- 
induced flow or crack produced in the sliding develops 
into a crack or growth of a crack subsurface from the 
inelastic deformation zone, (3) on application of sliding 
friction force the crack closes or expands and secondary 
cracks begin to develop, and (4) the cracks grow steadily 
below the subsurface. Such fracture may produce the 
multiangular silicon carbide wear debris during sliding, 
as already mentioned. 

Figure 13 indicates another possible cracking 
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'‘-Plastic zone (stress 
concentration) 


(c) Third stage. 

Figure 11. - Sources of stress concentration under loading 
and sliding conditions. 




(b) Second stage. 



(c) Third stage. 



(d) Fourth stage. 

Figure 12. - Crack formation 
under inelastic and deforma- 
tion zone. 



Figure 13. - Spherical crack formation 
under inelastic deformation zone 
(ref. 15). 



(b) Silicon carbide wear debris on iron wear scar. 


Figure 14. - Silicon carbide wear debris on iron rider wear scar as a 
result of single pass sliding. Scanning electron micrographs; 
sliding velocity, 3mm/min; load, 0.2N; temperature, 800<>C; 
vacuum pressure, lO'SPa. 

mechanism, that is, sudden development of a spherical- 
shaped crack along the circular stress trajectories. It is 
known that this “penny-shaped” crack is produced in 
amorphous materials such as soda-lime glass under 
Vickers indentations (ref. 19). The influence of 
crystallinity, however, is imposed on the crack geometries 
of anisotropic materials such as silicon carbide, and 
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accordingly the present crack geometry is observed. 
Therefore, the spherical-shaped cracks may not be a 
circle in silicon carbide. But the possibility of a fracture 
such as the one shown in figure 13, that is, a nearly 
circular or spherical fracture, would still exist in a single 
crystal because it is possible that the cracks would grow 
and pick up in atomistic terms by the sequential rupture 
of cohesive bonds along the circular stress trajectories 
shown in figure 13. This fracture mechanism may explain 
the possibility of generating fracture pit with a spherical 
particle. 

Lately, sliding of iron on a silicon carbide surface 
results in both the transfer of iron to silicon carbide, 
which was described earlier, and very occasionally a 
transfer of silicon carbide wear debris to the iron rider. 
Figure 14 presents scanning electron micrographs of wear 
scars on a iron rider after it slid on a silicon carbide 
surface at 800° C in vacuum. The wear scars reveal a 
large number of plastically deformed grooves. Figure 14 
indicates that wear debris of silicon carbide produced 
during sliding transferred to the iron rider. This fact is 
consistent with the earlier works (refs. 16 and 17). 

Summary of Results 

AES and XPS analyses and sliding friction and wear 
experiments with single-crystal silicon carbide [0001 j 
surface heated to 1500° C revealed the following: 

1. The outer most surficial layer of silicon carbide 
consists of mostly graphite and very little silicon at 
temperatures above 1200° C. This graphite layer is 1.5 to 
2.4 nanometers. There is an intermediate layer, consisting 
of a mixture of graphite, carbide, and silicon, which is 
about 100 nanometers thick. 

2. The higher the sliding temperature, to 800° C, the 
greater the metal transfer in a smooth, thin, and 
continuous film. Above 800° C, the transfer is rough and 
discontinuous. 

3. Two kinds of fracture pits are observed on the 
silicon carbide surface: (1) a pit with a spherical particle 
and (2) a multiangular shaped pit. The former may be 
produced by a mechanism of a spherical-shaped fracture 
along the circular stress trajectories under the local 
inelastic deformation zone. The latter, multiangular 
fracture pit is believed to be produced by primary and 
secondary cracking along the cleavage planes (0001 j, 
[1010], [1120]. 

4. The spherical fracture pits have been generally 
observed only at the condition of high friction at sliding 
temperatures of 400° to 800° C. 

Lewis Research Center 

National Aeronautics and Space Administration 
Cleveland, Ohio, May 1, 1981 
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